THE problem of the specificity of the pyruvate oxidation system in pigeon's brain tissue has been studied more fully by us, not only in the hope that it would throw fresh light upon the path of complete oxidation of pyruvic acid, but also in the belief that knowledge of the behaviour of other simple oc-ketoacids would contribute further to the elucidation of the metabolism of some of the oxidation products of the ac-amino-acids.
THE problem of the specificity of the pyruvate oxidation system in pigeon's brain tissue has been studied more fully by us, not only in the hope that it would throw fresh light upon the path of complete oxidation of pyruvic acid, but also in the belief that knowledge of the behaviour of other simple oc-ketoacids would contribute further to the elucidation of the metabolism of some of the oxidation products of the ac-amino-acids.
In particular it was hoped that some definite indication would be obtained as to whether the three reactions found to account quantitatively for the aerobic oxidation of pyruvic acid [Long, 1938] were entirely separate or were interrelated. This objective, we think, has been realized. We have now obtained evidence that the rate of oxidation (p mol./hr.) is the same for pyruvic acid and ac-ketobutyric acid; but whereas the latter gives as end-product C02 and presumably the next lower fatty acid, a change requiring 1°O per mol., part of the pyruvic acid disappearing is much more fully oxidized. This suggests that there is a common path for the initial stage in the oxidation, intermediate compounds of similar type being formed from pyruvic and oc-ketobutyric acids, the sole difference being that in the case of pyruvic acid a further system intervenes capable of oxidizing this unstable intermediate to C02 and water. The intermediate formed from oc-ketobutyric acid can only break down without 0°uptake to C02 and, by analogy, propionic acid.
Hence the scheme for pyruvic acid oxidation suggested by Long [1938] Acetic acid and 002
Pyuvic [Neuberg & Kerb, 1912; Neuberg & Peterson, 1914; also Hofmann, 1931] ; it is -also now known Biochem. 1939 xxxniI ( 759 ) 48 that vitamin B1 pyrophosphoric ester (cocarboxylase) is required in this system both for pyruvic acid [Lohmann & Schuster, 1937] and for o-ketobutyric acid [Peters, 1937] . Contrary to its behaviour with yeast carboxylase, a-ketobutyric acid showed no apparent reaction with the pyruvate oxidation system in unwashed brain and even appeared to inhibit pyruvate respiration. This provided no foothold for a belief in the similarity of the brain and yeast systems, nor did cocarboxylase prove nearly as efficient as vitamin B1 in the catatorulin test [Peters, 1937] . At the same time McGowan & Peters [1937] had found no evidence for the oxidation of the oc-ketodicarboxylic acids, ac-ketoadipic and a-ketoglutaric acids, by brain brei.
We have reinvestigated with yeast and brain the behaviour of oc-ketobutyric acid and also studied the homologue ao-ketovaleric acid. EXPERIMENTAL Reagent8 Pyruvic acid. Pure Na pyruvate [Peters, 1938] [1938] . Also a synthetic specimen from Messrs Merck.
Values quoted in experiments are the average of duplicates or triplicates, the variation being not greater than + 15%.
DECARBOXYLATION BY YEAST
In the experiments of Neuberg and his co-workers, a-ketobutyric acid [Neuberg & Kerb, 1912] and oc-ketovaleric acid [Hofmann, 1931] [Ochoa & Peters, 1938, 1] . CO2 production was measured in air at 280 and pH 6-2, using Barcroft-Dixon manometers. Each bottle contained 1-0 ml. alkaline-washed yeast suspension, 0.10 ml. MgCl2 (equivalent to 100 jug. Mg), cocarboxylase and vitamin B1 where used. The pyruvic or oc-keto-acid was contained in a Keilin cup, tipped in after 15 min. incubation period. Table I shows that the a-keto-acids are decarboxylated at about the same rate as pyruvic acid, and that the activation of cocarboxylase by vitamin B1 takes place to approximately the same extent in all cases. The yeast decarboxylation system is therefore quite general for oc-ketomonocarboxylic acids. If there is any significance in the individual values then oc-ketovaleric acid and pyruvic acid are decarboxylated only 69 and 80 % as rapidly as oc-ketobutyric acid. The question now arises as to whether the pyruvate dehydrogenase from brain will react with other oc-keto-acids, and if so, whether to the same degree as found for yeast. Lipmann [1937] showed that in the presence of methylene blue under anaerobic conditions, pyruvic acid was converted by the pyruvate dehydrogenase into acetic acid and C02. It The experiments in Table II show that pyruvate and x-ketobutyrate react at the same rate with the pyruvate dehydrogenase system, strongly indicating that the active centre is the same for both. oc-Ketovalerate shows an almost negligible activity (15 %), which is quite distinct from the slight reduction found for yeast. This inactivity cannot in any way be due to the effect of a poison, since the reduction time for pyruvate is not altered by the presence of au-ketovalerate. This difference seems to suggest that some essential part of the system, perhaps the protein component, is different from the corresponding part of the yeast system. a-Keto-acids and the Krebs' dismutation If the pyruvate dehydrogenase plays a part in the Krebs' dismutation [Krebs & Johnson, 1937] , 2RR'CH. CO. COOH + H20 -RR'CH. CHOH. COOH + RR'CH . COOH + CO2, it might be expected that oc-ketovalerate would behave differently from pyruvate under these conditions. Weil-Malherbe [1937] showed that with slices of rat brain under anaerobic conditions, pyruvic acid was converted into the theoretical quantities of lactic acid and C02.
Working with washed minced pigeon's brain, both in Krebs' bicarbonate and in Ringer phosphate saturated with C02, we have compared the C02 evolution from pyruvic acid and the two oc-keto-acids (Table III) . Since we have washed the tissue in many of the experiments to be described later, the method of washing may be given here [cf. McGowan, 1937] . The brains (cerebrum and optic lobes) of three or four pigeons were finely minced ice-cold, transferred to a centrifuge tube and washed three times with ice-cold Ringer phosphate (3 x 30 ml.). After each centrifuging, the tissue was ground against the side of the tube with a glass rod. Finally, after being well mixed, it was transferred to the previously weighed experimental bottles in roughly equal quantities (270 mg.). Residual respiration was much reduced by this treatment, without impairing the activity of the system for metabolizing pyruvic acid.
The residual bicarbonate production (Exp. 168) is not increased by the presence of pyruvic or other oc-keto-acid, so that the acid production is an index of the extent to which the Krebs' dismutation proceeds. It will be The most striking point arising from these figures is the preservation of a constant metabolic rate for oc-ketobutyric acid during a period of 3 hr. Under these conditions the oxidation of pyruvic acid falls off very little, the 02 uptake being about 4 times that for a-ketobutyric acid. As in previous cases, a-ketovaleric acid seems to be rather inert in comparison. The 02 uptake is only about 11 % that of oc-ketobutyric acid, a figure approaching that found with the pyruvate dehydrogenase and methylene blue. Furthermore, increased concentration of oc-ketovalerate does not raise the respiration, a fall being observed in one case (Exp. 223).
We have attempted to discover the exact nature of the oxidation of oc-ketobutyric acid in brain by determining its R.Q. To this end, 6 manometers of the Dixon-Barcroft type, in duplicate, were used, containing (1 In bottles 2, 3, 5 and 6 C02 was not absorbed, but Keilin cups containing 0-2 ml. 20 % H2SO4 were provided.
The net 02 uptake was obtained by subtracting 1 from 4. In 3 and 6 the C02 formed by acid production was calculated from the observed reading and the corresponding 02 uptake (1 and 4). To this was added the C02 produced in solution as bicarbonate. Initial C02 formed in 2 and 5 was then subtracted from these totals, the difference between the final values being the net C02 production due to oxidation of the oc-ketobutyrate. Experimental recordings are given in Table V . The fact that the R.Q. found is greater than 2-0 must be due, in some measure at least, to simultaneous anaerobic dismutation producing C02.
A most interesting and important fact now emerges from a study of the 02 uptakes for pyruvate and cx-ketobutyrate under the same conditions, and which is seen in Table VI . For these two acids, the same number of ,u mol. are oxidized in a given time; in the case of ac-ketobutyrate, simple oxidative decarboxylation alone takes place, but in the case of pyruvate, some of the acid disappearing is completely oxidized. However, the fact is that the same rates of oxidative removal of the two keto-acids are observed, independent of the subsequent path of oxidation. 
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The method of calculating these quantities requires some explanation. The amount of pyruvic acid disappearing by oxidative processes is given by X02 86-6 1 ,u mol. pyruvic acid oxidized =4°x f-x x-x 1000=0.0219 xo2.
X02 is the 02 uptake (,l.); 86-6 ig the % pyruvic acid disappearing by oxidative processes giving 002 and water, and C02 and acetic acid [Long, 1938] ; the factor 450 converts 02 uptake (SA.) into pyruvic acid (mg.) [McGowan, 1937] The high value recorded for the R.Q. of oc-ketobutyric acid offers a certain difficulty. This problem can now be examined more closely in the light of the last-mentioned conclusions. For pyruvic acid, Long [1938] showed that 86-6 % disappeared aerobically by oxidative reactions, and 10-4 % simultaneously by the Krebs' dismutation. Since identical amounts of pyruvic acid and oc-ketobutyric acid disappear oxidatively, the analogy might be taken further, i.e. it seems reasonable to suppose that the extent of dismutation is also the same in the two cases, especially in view of the equal rates found under anaerobic conditions ( Table III ). In that case the theoretical R.Q. would be:
86-6 + 5*2 91*8 05 (86.6) -43.3 It is difficult to account for the experimental value of 2-37, but two facts may be mentioned which would lead to higher values than the theoretical:
(1) Experiments on the R.Q. of pyruvic acid gave values of c. 1-47 in cases where the tissue had not been thoroughly washed.
(2) Samples of oc-ketobutyric acid not of the highest degree of purity gave values of 3-59 and 3-56 (Exps. 146 and 154).
Although the effect due to 2 is probably absent from Table V , nevertheless incomplete washing of the tissue might well account for the anomaly. Lastly, judging from the influence of duration on the value of the R.Q., the calculated result might be achieved by neglecting the first 1 hr. of the respiration.
Some experiments have been carried out to compare the extent of Krebs' dismutation taking place under aerobic and anaerobic conditions in pyruvate solutions. The amount of dismutation proceeding aerobically was calculated from the observed 02 uptake (10-4% of the pyruvic acid disappears by dismutation). It was found that the amount of anaerobic dismutation decreased with time from about 23 % during the 1st hour to 17 % after 3 hr., the % referring to the anaerobic pyruvate disappearance compared with the pyruvate metabolized aerobically. Experiments have thus been continued for 3-4 hr., since this was the period in which 10-4 % dismutation was found to take place aerobically [Long, 1938] , Table VII; cf. also Barron & Lyman [1939] . The catatorulin effects are seen to be very small. However, mainly owing to the increased water content of the tissue due to the conditions of washing, pyruvic acid has a catatorulin effect of only 160-200 ,l./g./hr. (see Table X ).
Effect of oc-keto-acids on pyruvate respiration in brain Working with the unwashed brain brei from avitaminous pigeons, at pH 7.3 and 380, Peters [1937] obtained evidence that a-ketobutyric acid inhibited the catatorulin effect. We have continued this work and have studied in detail the action of this acid and of a-ketovaleric acid on pyruvate respiration in normal and avitaminous brain.
Figures are quoted for the normal brain in Table IX . The effects are due to pure samples of a-keto-acids and are of the same order for both washed and unwashed tissue. One conclusion which may be drawn from these figures is that oc-ketobutyrate inhibits pyruvate respiration more than does oa-ketovalerate. For x.-ketobutyrate the inhibition with unwashed brain is c. 21 % and with washed brain c. 38 %; in the case of oc-ketovalerate the corresponding figures are 9 and 23 %, at concentrations of c. 0*02M in both cases. This difference would be expected from the mechanism of the inhibition (see later). It might be mentioned that in earlier experiments, in which xc-keto-acids of doubtful purity were used, similar net inhibitions were observed; in addition, however, the residual respiration level in the unwashed brain was lowered by oc-ketobutyrate, also, the extent of such inhibition decreasing with time.
Turning to the avitaminous brain, we have observed inhibitions of the catatorulin effect in pyruvate solutions by the a-keto-acid homologues. The impure acids gave inhibitions of c. 30 % with unwashed brain, similar to those found by Peters [1937] . The figures quoted in Table X are for washed avitaminous brain using purest samples of the oc-keto-acids.
Here again the inhibition of the catatorulin effect is greater with a-ketobutyrate (37 %) than with a-ketovalerate (27 %). Incidentally, the real inhibition of the catatorulin effect is slightly greater than that given in Table X , owing to the fact that the catatorulin effect of the a-ketobutyric acid alone has not been taken into account. The inhibiting effects produced by oc-ketobutyrate would then be increased by about 36 tul./g./hr. In the case of a-ketovalerate, the correction on this account would be negligible.
As to the nature of the inhibition, two alternatives seemed possible; either the oc-keto-acids were exerting a general effect on the respiration by inhibiting the action of the indophenol oxidase system; or the effect was peculiar to pyruvate respiration, i.e. competitive inhibition, such as has been observed in brain with lactate [Jowett & Quastel, 1937] and succinate [Quastel & Wheatley, 1931] in the presence of hydroxymalonic and malonic acids respectively. The effect on unwashed brain brei respiring in succinate seemed to favour the first view since an inhibition of the succinodehydrogenase system was observed comparable in magnitude with that found for the pyruvate oxidase system (Table XI) . However, when washed tissue was used, the inhibition of the succinodehydrogenase system was considerably reduced. In one exp. (186, The absence of any general effect on the indophenol oxidase system was conclusively proved by our finding that a-ketobutyric acid had no action on the respiration of pig's heart muscle extract in the presence of cytochrome c and quinol (Table XII) . Finally, it was observed that the inhibition of pyruvate respiration in washed normal brain was increased on tripling the concentration of the oc-ketobutyric acid (Table XIII) . On increasing the concentration of oc-ketobutyric acid from 002 to 006M, the inhibition of pyruvate respiration is raised from 28 to 44 %.
Although there has been no attempt to work out the kinetics in detail, there can be little doubt that competitive inhibition is taking place. It has already been shown that the initial stage in oc-keto-acid oxidation is the same for pyruvic acid and a-ketobutyric acid. If the two are allowed to compete for an enzyme, they will do so in proportion to their individual concentrations. In brain tissue under aerobic conditions, the amounts of the corresponding intermediates formed will be in this same ratio. Since the breakdown of the oc-ketobutyric acid intermediate is unaccompanied by an uptake of 02, an inhibition ofpyruvate respiration will be observed the magnitude of which will depend on the relative concentrations.
In the avitaminous brain, inhibition is also observed, and this can only mean that both oc-ketobutyrate and pyruvate are competing for the centres activated by vitamin B1. Taken separately they both show catatorulin effects, that due to a-ketobutyrate being smaller than in the case of pyruvate. We are thus led to the conclusion that vitamin B1 is essential for the initial stage in the oxidation. Support for this proposed mechanism of the catatorulin effect is to be found in the fact that the % inhibition of pyruvate respiration in normal brain and the catatorulin effect with pyruvate in the avitaminous brain by oc-ketobutyrate are approximately the same (c. 35 %).
The case of oc-ketovalerate can be provisionally explained. This substance is oxidized to a small extent only by the normal and avitaminous brain, which suggests that its rate of forming the corresponding intermediate is low. Thus one would expect the competition with pyruvate to be smaller, and this is what has been found. Such a view, however, is not quite consistent with the finding that 0-02M oc-ketovalerate saturates the system (Table IV) , an excess not increasing the rate of formation of the intermediate. Owing to the small increase in 02 uptake observed, it has not been possible to determine the saturation concentration of oc-ketovaleric acid in the brain system, but by analogy this is probably considerably below 002M.
DISCUSSION
In order to clarify the various points concerning the effect of x-ketobutyric and oc-ketovaleric acids on the respiration of pyruvate and succinate in washed and unwashed brain, the following Table XIV is appended. Effects due to samples not of the highest degree of purity are listed in brackets whenever their behaviour differs from that of the purest specimens. The most significant points arising out of the work described are (a) that the rate of decarboxylation by the yeast carboxylase system is practically the same for three a-keto-acids, and (b) that the rate of oxidation by brain tissue is the same for two of them, pyruvic acid and a-ketobutyric acid; (c) the difference between these two lies in the further metabolism of pyruvic acid, so that part of the initial oxidation product is completely oxidized to C02 and water. Since cocarboxylase is essential for decarboxylation by yeast, the inference from (a) and (b) is that it is also responsible for the initial change in brain. In the avitaminous brain this change is accelerated by the addition of vitamin Bj; and in view of the recent finding by Ochoa & Peters [1938, 2] that a limited though definite synthesis of cocarboxylase from vitamin B1 takes place in surviving brain tissue, this suggestion is at least plausible. Further support for cocarboxylase as an essential constituent of the pyruvate oxidase system is to be found in the statements of Ochoa & Peters [1938, 1] and Westenbrink & Goudsmit [1938] that normal brain tissue contains c. 4 ,ug./g. cocarboxylase, while the free vitamin B1 content seems to be negligible. The main difference between the yeast and brain systems is that in the latter case oxidation accompanies decarboxylation [cf. Lipmann, 1937] . Lastly the oxidative decarboxylation is specific, oc-ketovalerate being hardly affected by the pyruvate dehydrogenase in brain. From this fact, the inference must be drawn that the protein part of the enzyme is different in yeast and brain.
In regard to the methylene blue experiments, it is to be noted that pyruvic acid and oc-ketobutyric acid cause decoloration at practically the same rate; hence this does not follow the total 02 uptake, but only that produced by the postulated system A. Thus, support is obtained for the view that during the intensive washing with hypotonic salt solutions, the components of system B have been lost. SUMMARY 1. Cocarboxylase is essential for the decarboxylation by yeast of a-ketovaleric acid as well as for pyruvic and xc-ketobutyric acids. Vitamin B1 increases the rate of decarboxylation of a-ketobutyric and oc-ketovaleric acids only in the presence of cocarboxylase. C02 evolution with oc-ketovaleric acid is slightly less than with the others.
2. Pyruvic and ao-ketobutyric acids are equally reactive with the pyruvate dehydrogenase system in brain under anaerobic conditions in the presence of methylene blue. oc-Ketovaleric acid is much less reactive.
3. The Krebs' dismutation proceeds to the same extent with oc-ketobutyric acid and pyruvic acid; again a-ketovaleric acid is less affected.
4. Washed brain tissue causes oxidative decarboxylation of oc-ketobutyric acid giving presumably propionic acid (next lower fatty acid). a-Ketovaleric acid is oxidized to only a very slight extent. The purity of the acids used was of the greatest importance, high values for the R.Q. of a-ketobutyric acid being obtained in the presence of a slight impurity.
5. oc-Ketobutyric acid and oc-ketovaleric acids enter into competitive inhibition with pyruvic acid both in the normal and avitaminous brains respiring in vitro. There is no inhibition of the indophenol oxidase system. 6. Pyruvic and oc-ketobutyric acids are oxidized at exactly the same rate under identical conditions. In the former case, however, most of the initial oxidation product undergoes complete combustion to C02 and water. This indicates that there is an initial common path (A) for oxidative decarboxylation; in the case of pyruvic acid a further system (B) causes complete oxidation of part of the intermediate. 
